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Chapter 1: Introduction and Background
1.1 INTRODUCTION
1.1.1 Objective of Project
The objective of the project is to design and build a decomposition set-up to measure the
products of AF-M315E and LMP-103Smonopropellants after passing over a heated catalyst bed.
The decomposition system has the ability to test multiple pre-heat temperatures, catalytic studies,
decomposition rate studies, among other uses. No information on catalyst design is currently
available for AF-M315E. Currently the design of the catalyst was followed using previous
techniques from catalytic length that applies to conventional hydrazine systems. As a result, nonoptimal catalysts are being used for AF-M315E. Decomposition of HAN, which is a major
component in AF-M315E, is highly affected by the catalyst choice (Lee, 2003). Being able to
characterize AF-M315E will permit studies in the area to come up with a systematic design of
catalysts.
LMP-103S, another popular green propellant, implementation into a thruster still
needs decomposition studies investigating products. While LMP-103S has been decomposed in
past studies, few literature is available on the subject and it is known to contain different paths that
could be taken when put into a thruster configuration. As a result, planning for this system proves
difficult. With a decomposition test set-up, testing of these decompositions can be further analyzed
for a particular thruster configuration.
The design tasks for this system can be broken down into the following steps:
•

Design of propellant flow system that can provide mass flow rates between .5g/sec to 1
g/sec

•

Create cooling system for cooling catalyst holder under 30 minutes.

•

Create a LabVIEW environment that can accurately take pressure and temperature
readings for the decomposition test.

•

Ensure safety of users by providing environments that will not reach over 150 PSI
1

•

Design of catalyst holder system

•

Provide a system that can accurately determine concentration of decompositions within
3% margin error.

•

This document will provide in all design consideration for the system, a summary of the
changes of the system during multiple project phases, currently operational procedures,
and results provided by the use of the system.
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1.2 BACKGROUND
1.2.1 Current Propulsion Methods
The aerospace industry uses a variety of options when it comes to propulsion for spacecraft.
Different missions, requirements and budgets control the configuration of spacecraft. For years,
many of this propulsion options have had disadvantages that have caused problematic decisions
for many propulsion applications. New propellants are currently being studied to solve the difficult
challenges.
There are a variety of different propulsion systems that exist in the aerospace industry.
Basically, most systems fall into one of three categories: chemical, electrical and nuclear.
Chemical propulsion uses energy stored in chemical bonds to produce heat that eventually leads
to thrust. Chemical propulsion systems can further be broken down into different sub-sections.
These sub-sections include solid, bi-propellant, monopropellant and hybrid systems.
Solid propellants are solid forms of propellants. Most solid rocket propellants are
composite propellants. Composite propellants contain organic binders, some have aluminum
powder, and oxidizer, and example is ammonium perchlorate. An ignition source is provided,
triggering combustion of the solid monopropellant. This system, in turn, results in the burning of
the propellant in the system. While simple in their configuration, solid propellants have plenty of
disadvantages. Since the mixture is already mixed between the oxidizer and the fuel it cannot be
stopped once started. As a result, while solid rocket propellants offer a great deal of reliability,
they must be used when knowledge of the flight specifications are known in advance and when
restart is unnecessary (Brown, 1996).
Bi-propellant systems have the fuel and the oxidizer separated in different tanks. The
propellants are injected into the combustion chamber, mix, are ignited, and produce an exothermic
reaction. This then follows downstream into the nozzle. Common configurations of bi-propellant
include hydrogen-liquid oxygen (LOX), RP1-oxygen, hydrogen-fluorine, among others. These
systems have multiple components such as the injector, nozzles and thrust chamber valves. These
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systems also offer some of the highest specific impulse. Specific Impulse (ISP) is the thrust given
by the system per unit of propellant.
Bi-propellants use an injector to introduce the fuel and oxidizer into the combustion
chamber. The method by which the bi-propellant is introduced via the injector is one of the
fundamental parts of the design. Injector design is integral as much of the burn is dictated by its
flow characteristics. Many times, this system also contains a cooling system due to the high flame
temperatures. Halting the oxidizer or fuel flow from the system ends the burn. As a result, bipropellants can be controlled and are commonly reusable. This system configuration; however,
requires multiple tanks to carry both the oxidizer and fuel. Cooling of the combustion chamber,
injector design, and delivery systems all become intricate part of the system, causing complexity
in design. Oxidizers such as LOX can be difficult to store and contain for long periods of time.
Overall, bi-propellant systems usually offer ISP of 300 and above, but are complex and expensive
to fabricate.
Monopropellants develop thrust by chemical decomposition of the propellant into the
system by means of a catalyst. The catalyst bed is the integral part of the design for this system.
During the decomposition process, chemical energy is converted into thermal energy eventually
producing thrust through an attached nozzle. Due to high temperatures in the decomposition
system, high temperature materials, such as refractory metals, are needed to withstand this heat.
Catalyst design remains an intricate process that needs to be considered for new systems. These
catalysts must also be able to withstand these decomposition temperatures. Due to these
temperatures, other materials near the decomposition system must be protected such as valves for
flow.
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Figure 1.1 (Top) Simple Configuration of Monopropellant, (Bottom) Bipropellant Systems
(Brown, 1996)
Currently the most commonly used monopropellant is hydrazine. Hydrazine development
as a rocket propellant began during the 1930s. Some of the first uses of the propellant are as a
rocket plane in 1937 by Germany, “C-Stoff” (Schmidt, 1987). During this time, hydrazine was
mainly used as bi-propellant rather than a monopropellant. During the earlier years of hydrazine,
it was not very well received as a monopropellant due to difficulties arising from the catalyst.
However, in 1963, under a contract by NASA, the Jet Propulsion Laboratory (JPL), was able to
rectify these issues with a new catalyst, Shell 405. After the creation of Shell 405, hydrazine
reliability was increased to the point of being used in space missions. Due to its high ISP of above
200s, constant dependability, and restart capabilities, hydrazine became the industry standard for
monopropellants (Schmidt, 1987). Hydrazine has been used in most major space operations on
attitude control and orbit maintenance.
Hydrazine is not without its faults. In the 1990s a strong push to replace hydrazine with
other options was underway. Hydrazine has been classified as a carcinogen by multiple sources
5

such as The American Conference of Governmental Industrial Hygienists (ACGIH) and the
International Agency for Research on Cancer (Environmental Protection Agency, 2016).
Hydrazine also has very low allowed exposure level of 0.01 ppm. At scale, the smell of hydrazine
is detected when 3 to 5 ppm is present. Also, hydrazine is not compatible with many metals such
as silver. The well-being of personnel, added costs of safety measures, as well as damage to the
environment resulted in efforts in finding safer propellants that can replace hydrazine as the
industry standard. Initiatives such as NASA’s Green Propellant Infusion Mission (GPIM), and
other international projects have triggered discoveries and advances of Green Propellants. The
industry is demanding a more pressing need for these Green Propellants.
Another configuration for propulsion systems is the so-called hybrid propellant system. In
a hybrid configuration, commonly used solid propellants are combined with liquid or gaseous
oxidizers. In hybrid systems, a case contains the solid propellant, where then an oxidizer is
introduced into the system. Separation between the solid propellant and the oxidizer allows the
system to be restarted, solving one of the issues with common solid propellants. The simple
configuration (illustrated in Fig. 1.2) allows for a cost effective design,

Figure 1.2 Common Configuration of a hybrid engine (Sutton, 2001)
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Many studies have shown the benefits of the configuration of hybrid systems that provide
ISP of 200s or more. This can be higher than other solid rocket or bi-propellant configurations
such as N2H4-BeH4 and N2F4-Li, N2O4-PBAA among many others. Some of the liquid oxidizers
such as the previously mentioned LOX are difficult to store and manage. This, in turn, creates a
need for hybrid configurations that could be multi-stage.
Understanding monopropellants and hybrid configurations is key to future space
programs. As hydrazine is becoming increasingly unacceptable due to its safety issues and since
hybrid configurations are becoming effective alternatives for solutions efforts to better
understand alternatives fuels that could provide a safer choice that hydrazine are being
undertaken. AF-M315E has missile applications that could provide reliability to future missile
defense. Aerojet Rocketdyne has been providing support for the Missile Defense Agency project
to use green propellant as a major player in their Missile Defense Agency's Network Centric
Airborne Defense Element (NCADE) program. (Aerojet Rocketdyne, 2016).
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1.2.2 Green Monopropellants
Green monopropellants offer safer handling and clean up compared with hydrazine. Green
propellants are not carcinogenic and their decomposition does not cause heavy harmful chemicals.
While hydrazine provides reliable ISP its safety risks have triggered a movement to find a
replacement. Green monopropellants that are currently being considered for many agencies are
High Test Peroxide (HTP), LMP-103S, and AF-M315E.
1.2.2.1 High Test Peroxide
High-test peroxide (HTP), H2O2, at concentrations above 80% has a long history of
development and usage and it is often considered the first monopropellant. Hellmuth Walter is the
earliest pioneer of using HTP for fuel. In 1935 Walter began using 80% HTP for assisted take off
units and submarines (Wermimont, 1999). Germany then continued to develop HTP technology
in WWII. These developments continued throughout the war and after. Following the war, the US,
as well as other major political powers, began using HTP. HTP in the US was used for both military
and space exploration applications. HTP was heavily used in reaction control system across the
US in the years before 1970s and 80s. The following is a chart of some the major RCS system that
used it:

Figure 1.3 RCS Thrusters with HTP as its fuel (Wermimont, 1999).
During the 70s and 80s HTP usage began to decline (Wermimont, 1999). As hydrazine’s
catalyst compatibility issues were addressed, as previously mentioned, hydrazine performance
8

overshadowed the use of HTP. HTP has a significantly lower maximum ISP of 161s whereas
hydrazine has an ISP of above 200s. HTP also has a performance decrease while stored for long
periods of time, with about 2% of concentration loss per year (Constantine, 1967)
In 1990s however HTP began regaining interest (Wermimont, 1999). This was mainly due
to HTP non-toxicity when in an openly exposed in an area. The human body decomposes this
propellant and reduces its risks towards health. HTP offers a high density, which provides system
with a lower volume for containment, as well as a lower dry mass. While HTP decays over time,
HTP can be safely stored at room temperature, requiring less storage requirements, as it does not
react with the atmosphere. This provides HTP with a purpose in applications where thrusters need
to be reused on earth. HTP also contains a high specific heat, which proves useful in cooling
applications and has been done so in the past. Overall while HTP does not perform as well as
hydrazine, its many attributes illustrate its usage as a propellant.
1.2.2.1 LMP-103S
LMP-103S is a green monopropellant blend that uses Ammonium Dinitramide (ADN) as
part of its composition. In this monopropellant, the oxidizer and fuel are combined. ADN is an
oxidizer in this solution. ADN was first developed by the Soviet Union in 1971. However, due to
the high clearance, it was not known outside the Soviet Union until 1988 when it was developed
independently by SRI International (formerly Stanford Research Institute). ADN has proven itself
as an excellent solid rocket oxidizer as well (Larsson, 2011).
LMP-103S is composed of ADN at 60-65%, methanol at 15-20% and ammonia and water
at different percentages. Developed by ECAPS, a subsidiary of the Swedish Space Corporation
(SSC), LMP-103S is one of the developments from the High Performance Green Propulsion
(HPGP) effort. (Dinardi, 2013)
LMP-103S offers a higher performance than that of hydrazine. It has a 6% higher ISP, a
larger density impulse of 30% compared to hydrazine. It is also safer for the human body under
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working circumstances, as it has low sensitivity, low toxicity and is a non-carcinogenic. As a result,
it has been approved for air transportation and does not require special measures.

Figure 1.4 Comparison Table between Hydrazine and LMP-103S (Dinardi, 2013)
LMP-103S has multiple of advantages. Like HTP, it can easily be kept in storage for more
than 20 years at its operating temperature (Neff, 2009). Recent studies by ECAPS demonstrate that
LMP-103S does not decay over time. It does not react with the atmosphere, which can be used for
repeatability. Compatibility tests have been done to ensure that is compatible with most materials
that are commonly used hydrazine such as diaphragm plastics (Neff, 2009). While it contains
many attributes, LMP-103S is not without its weaknesses. LMP-103S has a complex
decomposition pathway and a higher exhaust molecule mass. As a result, higher combustion
temperatures compared to hydrazine provide a challenge in thruster development. These types of
complications push the boundary for high temperature materials that can be used for such a system.
Materials like Inconel are being used for thruster development (Neff, 2009).
LMP-103S is currently being used for testing in space exploration and currently there are
many efforts using LMP-103S for thruster development. ECAPS has continued developing work
10

with their HPGP technology. In 2010 ECAPS was able to successfully run a flight demonstration
for their HPGP technologies, within their PRISMA mission. By 2012 their PRISMA mission has
shown that LMP-103S is strong contender for hydrazine replacement. (Dinardi 2013)
1.2.2.3 AF-M315E
The Air Force Research Labs (AFRL) created AF-M315E as another alternative to
hydrazine. AF-M315E, like LMP-103S, is a blend of oxidizer and fuel. In this particular case;
however, AF-M315E exact chemical complexion has not been openly distributed, due to
proprietary and security reasons (Hawkins, 2010). As a result, studies and research on AF-M315E
are very limited. While not completely known, some parts of its configuration are known. AFM315E has most of its chemical compounds made from hydroxyl ammonium nitrate (HAN).
HAN is an oxidizer commonly used with HTPB solid motors. HAN is an ionic liquid,
providing AF-M315E with a lower boiling point than water. It provides AF-M315E with the
oxidizer component that will allow for it to burn its fuel when meet with a catalyst.
AF-M315E testing has been limited but there is still relevant information that is available.
AF-M315E is considered a green propellant due to its non-toxicity byproducts and its solubility in
water. It also has lower health risks than hydrazine. It also provides with a comparable ISP to
hydrazine and has a higher density. Due to its HAN component, AF-M315E still requires hazard
protection. AF-M315E has proven to be a suitable alternative to hydrazine, since it is reliable, safe
and provides comparable performance.
Table 1.1 Green Propellant and Hydrazine comparison (Justice, 2014)

AF-M315E still has its challenges to overcome. Due to its characteristic and low water
vapor density, in order to decompose, AF-M315E requires higher temperatures for decomposition.
11

Thermal management loads are high making it difficult to design a system for AF-M315. Catalyst
development for AF-M315E is also not widely available. Currently iridium coated catalysts are
used to decompose AF-M315E but there are few available catalytic studies (Justice, 2014). As a
result, design consideration for catalysts, must be made with parameters given by previous studied
monopropellants such as hydrazine. The decomposition process of AF-M315E has not been
documented either, requiring a pressing need in order to know its decomposition components. This
decomposition could be useful for the hybrid configuration. As a result, this thesis investigates the
design of a decomposition system for both propellants. This setup will later be used to test different
catalysts, and characterize the decomposition species needed for theoretical models. A
decomposition setup can also be used to study LMP-103S in order to better understand chemical
pathways.
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1.2.3 Decomposition of HAN
In order to design a decomposition system for AF-M315E the products of decomposition
of AF-M315E needed to be estimated. While a test for decomposition of AF-M315E has not been
made publicly available, a major component, HAN, has been decomposed multiple times. Thus,
the decomposition of HAN can help formulate requirements for the AF-M315E decomposition
and gives expected gases from the decomposition.
Many have analyzed HAN decomposition, but many have theorized some decomposition
pathways for HAN. Here is an example showing the decomposition process expected by two
independent researchers.
Table 1.2 Reaction Mechanisms of HAN (Lee, 2003)

Decomposition species for HAN has been studied by Lee (2003), the author continued
analyzing decomposition HAN by tracking the mass species of its gases and condensates at a fixed
temperature (Lee 2003). 63.2% of HAN and 60.8% HAN was used for the experiment. The
temperature ranges were 195, 210 and 225 0C. These temperatures were chosen in the experiment,
as they were temperatures where thermal decomposition of HAN had been achieved in previous
studies.
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They expected the same species outcome from Table 1.2. The results are shown in Figure
1.5:

(a)

(b)

(c)
Figure 1.5 shows thermal decomposition of HAN 60.8% at (a) 1950C (b) 2100C and (c) 2250C
(Lee, 2003)

This study shows that temperature changes do affect the decomposition products of HAN.
As a result, a study of thermal decomposition needs to include different temperatures for the
decomposition of HAN. This is also significant for catalytic studies; as different catalyst will work
at different temperatures. The significance of water in the system is also analyzed. The study
developed a relationship between the water in the solution of HAN.
In 2005, Courtheoux (2006) created a test where HAN was decomposed at different
concentration ranges. These concentrations include 20%, 40% and 79% of HAN in water. The
14

author planned to thermally and catalytically decompose HAN. Thermal decomposition systems
on HAN was set up as a heating rate of 10 K/min. It also contains two different set-ups, one with
a catalyst and one without it. The catalyst used is Pt/Al2O3Si. It was determined by previous studies
for it to be the best for this configuration. Similar studies will be useful for AF-M315E
decomposition. In this scenario, their batch reactor tracks the temperature in of the gas, the
temperature of the catalyst if used, pressure and pressure change.

(a)

(b)

Figure 1.6 Thermal decomposition of HAN. 40 wt. at a temperature increase of 10 K/min. (a)
shows decomposition without a catalyst and (b) illustrates a process with a catalyst.
(Courtheoux, 2006).
This illustrates the significance of a catalyst. The temperature highest point is achieved at
a much earlier time and temperature when using the catalyst. In the study, it is revealed that water
needs to be mainly removed for HAN to achieve its thermal peak. It also illustrates that HAN
reacts better with higher concentrations. The catalyst achieves this before the water is completely
removed. In this case, one can assume that AF-M315E will be able to decompose at lower
temperatures with the use of a catalyst.
Using NASA’s Chemistry Equilibrium with applications (CEA) a simulation for HAN.
CEA process the decomposition was generated. This process decomposed HAN with the following
percentage by weight:
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Table 1.3 CEA results. (Justice, 2014)

With these the most expected item from the decomposition are water, nitrogen and oxygen.
Chemicals with high toxicity levels are a small fraction compared to Nitrogen and Oxygen. These
results match up with the previously analyzed studies.
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Chapter 2: Experimental Design
The decomposition system is being used on testing and has successfully being run at the
CSETR facilities. This section will provide a brief history of the system, design parameters, and
operational guidelines.
2.1 PHASE 1 DESIGN
The project began construction under the supervision of the CSETR Green Monopropellant
team. During the first group of CSETR Research Assistants achieved the following goals for the
decomposition system:
•

Address the design of a catalyst holder that requires preheating to 4000C.

•

Selected a catalyst for the decomposition system. The catalyst has been selected to
work with AF-M315E

The catalyst design was a major accomplishment during this time. To calculate the different
parameters for the catalyst such as the catalytic length there are many factors that need to be
determined. While there are no set requirements for catalytic studies done on AF-M315E available
to the public during this time, the parameters were created using catalytic design on hydrazine
catalyst. These parameters are commonly used and previously studied and as so it was one of the
leading reasoning at the time to used said specifications. The formula to calculate such
requirements is
𝐿 = 0.3 +

204.5𝐺 0.5
𝑃 0.3
( 𝑐 ) 𝐴0.3
𝑠

(2.1)

𝑔𝑜

Whereas represents the Specific Area of Catalyst, G represents Mass Flux, Pc Chamber
Pressure and g0 gravitational gas constant. These parameters must then be calculated from a
combustion standpoint in order to get the Catalytic Length. One of the system future goals was to
be used in a hybrid configuration with HTPB. As a result, the catalyst was picked using HTPB-
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HAN hybrid configuration in mind. Using the following properties for a HTPB-HAN hybrid
configuration once calculated further system requirements can be achieved by this information.
Table 2.1 HTPB and HAN desired system requirements.

Following suit with these requirements, a CEA code was used to simulate combustion
between HAN and HTPB. All CEA codes can be found in Appendix A.1-2. The results of the
CEA code are summarized below:

Table 2.2 CEA results of HAN decomposition gases and HTPB

These parameters then were used in the following equation for the throat area which is a
parameter for specific area of the catalyst. This is [2.1]
𝐹𝑡ℎ𝑟𝑢𝑠𝑡

𝐴𝑡 =

𝐶𝑓 𝑃𝑐

(2.2)

Given at being the area of the throat, Ftrust being the required thrust and Cf the thrust
coefficient. The area of the throat and the characteristic velocity (C*) is then used in the following
formula for mass flow rate:
𝑚̇ =

𝑔𝑜 𝑃𝑐 𝐴𝑡
𝐶∗

(2.3)

And finally the flow rate of just the oxidizer depends on the previously given oxidizer to fuel ratio
MF:
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𝑚̇𝑜𝑥 =

𝑚̇
1
+1
𝑀𝑅

(2.4)

Using these then theoretical “engine” that this HTPB-HAN hybrid rocket was designed for the
following parameters:

Table 2.3 Theoretical Engine Parameters

While these parameters are for the hybrid engine, the Gas Chromatograph that was going
to be used originally required a reduction on the flow rates. This information was scaled down
using the Reynolds Number provided by the CEA code of HTPB-HAN combustion using a
standard coaxial injector for the diameter (0.1574 in). Finally, the viscosity of HAN was used to
calculate the last parameter in the following Reynold’s Number Calculation:

𝑅𝑒 =

𝑣𝑜𝑥 𝐷ℎ𝑦𝑑 𝜌
𝜇

(2.5)

Where Re is Reynold’s Number, Dh is diameter, and mew and row are viscosity and density
accordingly. Since all of the properties remain the same, and the diameter is changed to 1/8” for
the entrance of the Gas Chromatograph , the system resulted in the following results for the
appropriate scale down:
Table 2.4: Reynolds number and scaling calculations parameters
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Using these values among other previously calculated value the equation 2.1 can be solved. This
calculation is shown in Appendix A.3. The results yield:
Table 2.5: Minimum Catalytic Length Calculation Parameters

With this data, a catalyst was then created. The catalyst had two options for fabrication, a
pellet based catalyst or in the form of a mesh coated with the catalyst metal. The catalyst metal
chosen was Iridium as previous literature illustrated its success in previous NASA studies
(Justice B., 2014). The configuration of catalyst was chosen was mesh coated. Pellets would
have complicated the design of the system, as to keep them in place. Multiple Companies were
contacted and Ultramet was chosen due to their ability to create mesh coated catalyst, lower cost
and their previous experience with both HAN and AF-M315E. Catalyst length was specified by
Ultramet. While many requirements would change as the decomposition system evolved, the
catalyst that was previously chosen was not changed, due to cost of the catalyst, and that it could
be still be used as the initial configuration for a catalyst. Further testing can include a different
configuration for the catalyst.
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Figure 2.1: Iridium-coated silicon carbide foam catalyst

2.2 NEW CONFIGURATION REQUIREMENTS
The system previously designed was expanded and design modified to meet the criteria
needed for the project. The new configuration will be use for the decomposition of the first tested
monopropellant AF-M315E. AF-M315E provides challenges that must be overcome for a
successful test program. Changes from the original set-up are needed to continue with testing AFM315E decomposition. The goals needed to be complete are:
•

Construct a catalyst holder that can be pre-heated to 400oC

•

Ensure cooling system can cool down the catalyst holder after testing under 30
minutes.

•

Install safety measurements for pressure above 150 PSI.

•

Provide concentration determination instrument the decomposition gases with
under 3% margin of error.

•

Create electrical system that can control the decomposition system remotely.

The first modification towards achieving those goals was to change the instrument for mass
concentration determination. Originally a Gas Chromatograph was intended to be used for the
system. The Gas Chromatograph is very sensitive to heat and impurities to the system. Specifically,
the machine had a very strict 50oC limit, which will cause failure if breached. As a result, using
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the instrument while the decomposition system is running endangers the machine and the data.
Instead the post decomposition analysis tool now is the GSD 320 Omnistar Mass Spectrometer.
Since the system and the analysis are in two separate labs and the Mass Spectrometer requires its
own gas delivery system. In doing so, the system will no longer required to be cool down as it
decomposes but instead to capture the decomposition gases and then use the Mass Spectrometer
to analyze them. With this the system can be cool down after the decomposition system has
performed, instead of during the operation.
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2.3 TEST MATRIX
While the goal of the system is to decompose AF-M315E a selection of test parameters
must be enforced; These parameters allow for the design of the system and create the goals that
must be meet by other components. Selecting the running time and propellant flow rate are key to
calculating safety parameters, pressure guidelines, cooling systems etc. Below is the Test Matrix
designed for the first experimental set-up:
Table 2.6 Test Matrix

The amount of propellant going into the system must be constant in the first tests. This is
to assure that test results are reliable while testing the first catalyst holders. When the test
conditions were decided, the catalyst was designed with the volumetric flow rates demonstrated.
While they can, and will be changed, changing for the first test will add unnecessary cost in
redesigning the catalyst. Due to previous literature review, the temperature of the pre-heating will
be 400oC. The system will be using this amount due to the limited amount of AF-M315E. While
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higher flow rates could be achieved, testing of the current flow instrument will need to be modified
due to its limitation. The run time was selected due to concerns of temperature rise among the steel
pipes and other materials.

Figure 2.2 Original Schematic of the Decomposition System

2.4 PROPELLANT DELIVERY
The syringe volumetric flow rate is .5 mL/.sec, as it provides accuracy on the system with
flow rate accuracy: ±1%. Even with this system, possible backflow is possible. This is due to gas
dynamics directing the flow towards a lower pressure. In case of an unplanned leak, or the syringe
pump fails a check valve was introduced after the syringe pump. This was done to prevent any low
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pressure from drawing propellant out of the syringe, and when purging to prevent the purging gas
from entering the system.

Figure 2.3 Syringe Pump Configuration
2.5 CATALYST HOLDER PHASE II
The main of the decomposition system is to get to a pre-heat temperature of 4000C in a
timely manner. The Alumina catalyst holder configuration from the initial set-up failed to do so.
To heat the catalyst holder, and in turn the catalyst, one must apply energy into the system. This
energy balance must exceed the thermal losses in the system due to convection, conduction and
radiation. The design of the alumina catalyst holder uses heat rope exclusively. Elevated
temperature heat ropes are rated to up to 24W per feet. Heat ropes cannot overlap nor can they be
use with other heating systems. As new design requirements got introduced, the system had to
became faster at achieving the pre-heat temperatures. As a result, original Alumina Oxide catalyst
holder was also replaced by an innovative design. The following address the issues found and how
they were solved
At a rating of 12W at the highest is not enough to circumvent the heat losses mention. In a
thin 1/8” rope, rope can be idealized to wrap 8 times, with a circumference of 5.49 inches. This
equals to 43.92 Watts. Assuming low h of 1 W/m*k for natural convection of the system can be
calculated. Radiation is also emitted by the cartridge, and conduction into the next sections.
̇
𝑄̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛
= ℎ𝐴𝑠(𝑇𝑟𝑒𝑓 − 𝑇𝑎𝑚𝑏 ) = 9.85 W
(2.6)
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4
4
𝑄̇𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛̇ = 𝜀𝜎𝐴𝑠 (𝑇𝑟𝑒𝑓
− 𝑇𝑎𝑚𝑏
) = 5.8𝑊
𝑘𝐴(𝑇𝑟𝑒𝑓 −𝑇𝑎𝑚𝑏 )
̇
𝑄̇𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
=
= 16.69𝑊
𝐿

(2.7)
(2.8)

̇
𝑄̇𝑡𝑜𝑡𝑎𝑙 = 𝑄̇ 𝑟𝑜𝑝𝑒 − 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑄̇𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑄̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = 11.27W
𝑡=

380𝑚𝐶𝑝
𝑄𝑡𝑜𝑡𝑎𝑙

= 1.235hours

(2.9)
(2.10)

The calculated time no longer fits the required test time. A material can withstand similar
temperatures as Alumina is Inconel 718. Using Inconel does mean that are losses are bigger,
using the same equations it equates to 38W loss, higher than before, see Appendix A for details.
However, if one were to use a much higher input wattage it will be better. By using a similar
shape, one can instead fit 6 heat cartridges. Heat Cartridges are reliable and can repeat testing
unlike heat rope. A normal rating for heating cartridges is 100W. 600W with a 38 loss is 562W.
then the time it would take to heat it up is 1210 seconds. Or around 20 minutes The new design
is illustrated below:

Figure 2.4 CAD design of catalyst holder.
Pressure and expected temperature were also calculated for the system. While the exact
energy release from the decomposition system is unknown an estimation can be used by looking
at the decomposition of HAN. During the decomposition of HAN, the decomposition products are
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known. Assuming a similar system is used for the decomposition of AF-M315E, one can calculate
the properties of the decomposition gases. The total mass of the flow rate is being used is the flow
rate time the total time ran. This has been increased by four, as to get a temperature maximum
from the system, and allow for future system development These gases are heated from 400C to
1700C. By calculating the Specific Heat value for the gases used, knowing the total mass from the
test matrix and knowing the temperature gradient, a heat flux value can be calculated. This value
is solved by the equation:
𝑄 = 𝑚𝐶𝑝𝑑.𝑔𝑎𝑠 (𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ) = 132990 Joules

(2.11)

To solve for the temperature of the final temperature of the catalyst holder for a 20
second test, one can use the same equation but using the specific heat of Inconel 718.
𝑄 = 𝑚𝐶𝑝𝑑.𝑔𝑎𝑠 (𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ) 𝑜𝑟 𝑇𝑓𝑖𝑛𝑎𝑙 = 𝑚𝐶𝑝

𝑄
𝑖𝑛𝑐𝑜𝑛𝑒𝑙

+ 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 1145 𝐶 (2.11)

With these temperature profile, the selected Inconel 718 can support the temperature of
1145 C under its mechanical constraints.
2.6 COOLING SYSTEM DESIGN
To provide continuous testing and reduce risk for the test conductors, a cooling system
needed implementation. Traditional water heat exchangers cannot be used for this application.
Whereas a traditional heat exchanger could provide cooling in a dynamic system where heating is
introduced during testing, the system is preheated to 400C. As a result, the heat exchanger cooling
material could be compromised. This is due to the boiling point for the water being reached before
the system can be tested. After the temperature pre-heat temperature was analyzed, while it was
found that the system temperature is not an issue for system failure, it still represents a hazard for
the system users. Another important issue, is possible leaks during the system. This can pose a
safety hazard to the user due to the possible pressure release and the dangerous fumes coming from
the decomposition system. These two issues are address by creating an air cooling mechanism as
illustrated below.
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Figure 2.5 Picture of the system configuration. Notice the Enclosure and the Air Duct
This system addresses the cooling and leak factors by confining the system inside a control
system. In it, once testing is done, one can safely activate the cooling and extraction of the system
to provide cooling of the catalyst holder and other components. Assuming the system is a uniform
cylinder, one can calculate the required flow of the blower to reduce the flow of the system. The
system designed parameters are created by assuming that convection does most of the cooling from
an air cooling system. The most common formula used for convection is as follow:
𝑄̇ = ℎ ∗ 𝐴 ∗ (𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝐼𝑛𝑖𝑡𝑖𝑎𝑙)

(2.11)

Where Q is the heat flux of the system, h is the system heat transfer coefficient, A is the
surface area affected by the flow, Ta is temperature at point an and Tb is temperature at point b.
While the temperatures at this given points are what is being designated the only variable, and
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the system has already been design, the only items that could be manipulated is the variable is
the heat transfer coefficient. These system uses different calculations for fluid dynamics that are
explored more in detail in Appendix B. With calculations, a standard blower with a minimum of
279 CFM. As a result an air blower was picked that could met the minimum flow requirements.
Inside the enclosure for the cooling system, a pressure relief valve was added to provide
automatic pressure relief in case of pressure saturation.

Figure 2.9 Air cooling device

Figure 2.10: Pressure Relief Valve
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2.7 ELECTRICAL SYSTEM
The electrical system oversees operating the system during testing. Remote access is
critical due to the elevated temperature of the system during decomposition. As a result, a system
of solenoid valves, pressure gauges, thermocouples and pressure transducers was created. The
following is the schematic for the electrical controls for the system:

Figure 2.11 Electrical Schematic of the System
The USB 9213 is a receiver box connected to the CPU. This Unit reads the voltage read
from the thermocouple. This is then converted to the temperature readings. USB 6008 finish the
circuit between the power source and the relays for the cartridge heaters and solenoid valves. With
this system one can control the solenoid valves and the cartridge heaters from afar. The Pressure
Transducer (PT) reads the pressure on the system outside the catalyst holder. All the readings and
controls are done via LABVIEW in the CPU connected to USB 9213 and USB 6008.
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The solenoid valves are normally closed valves which interrupt flow when the system fails.
These can be open thought the LabVIEW interface. The thermocouples in the design are designed
to be high temperature resistant and can handle the temperatures that the system might experience.
The heaters provide 100W to the heating catalyst in order to heat up the catalyst to the given 4000C
pre heating temperature. system configuration for the system then only needs to be configured to
allow for all the different items created.

Figure 2.12 Picture of the catalyst holder with the Thermocouples and Cartridge Heaters
The system also incorporates a low vacuum setting using a venture pump. Setting the
system under a vacuum and eliminating any other possible items before the system is used ensure
that flow will flow the path of least resistance. The venturi pump activates by running air thought
it and due to the venturi principle the pressure is reduced in the other side. The flow is done by
proving air into the pump. This is controlled by a dial-up regulator that controls the pressure into
the pump. Then the pump vacuums the system to a low vacuum. To confirm this, a pressure gauge
is used to monitor this pressure. After putting the system in a vacuum one of the hand operated
valve is closed and the vacuum is set.
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Figure 2.13 Vacuum Pump

Figure 2.14 Dial up Regulator

Figure 2.15 Pressure Gauge for Vacuum
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The system last feature its purge system that eliminates all contaminants from the system.
It is controlled by an additional solenoid valve that opens and lets an inert gas, in our case helium
to run and clean the system.
2.8 MASS SPECTROMETER
The instrument that is utilized in the project is Omnistar GSD 320 Spectrometer. This
instrument is used to determine the concentration of the decomposition gasses. In a gas
spectrometer, the gases to be analyzed are pump down to low pressure in a vacuum chamber, and
then those gases are ionize4ed by introducing electrons. The ions are then separated by a mass
filter which filter them by mass to charge. The instrument does so by using its three main
components.

Figure 2.16 Picture of the Mass Spectrometer.
The components are an ion source, a mass analyzer and a detector. A portion of the sample
gas then performs a hard ionization that cause extensive fragmentation of the gases. From there
the ionized gas is separated by its charge to mass ratio by the mass analyzer. The mass analyzer
then manipulates the ionized gas using a magnetic field, which allows it to determine the particles
motion in space. Finally, the detector detects the charge induced as it passed or hits the detector
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surface. The signal then is converted into a mass spectrum and records the ions as a function of
Mass over Charge.
In the current set-up it is necessary to create a system that can both safely transport the
decomposition gases as well as to reliably calibrate the instrument. The instrument is calibrated
using calibration gases with known quantities. These gases include all the gases that are expected
to see during the test. Using the CEA code from the HAN decomposition, the Mass Spectrometer
was calibrated to those gases, as well as other additional possible gases such as CO, CO2 and
Nitric acid.
The mass spectrometer has specifications that are detailed in Appendix D. In it one can see
that the recommended settings for the flow is between 1 SCCM and 2 SCCM. To control the flow,
flow meters are used in the system. In addition, pressure is a concern for the Mass Spectrometer.
A regulator that control the flow before the insertion is critical as well. According to specification
the recommended setting must not be over 14. Using a system with an adjustable regulator, one
can easily adjust the flow as required. Another concern is for the safety of the test users. As some
of the gases used can be dangerous to inhale and extraction system must be used as well for the
delivery system. Taking all these issues into consideration the following schematics are the ones
used for the calibration and decomposition gas analysis.
The next section will test the catalyst holder and the blower, alongside the accuracy of the
mass spectrometer.
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Chapter 3: Hardware Testing
In this section the hardware that was generated for the system will be tested for testing
applications. The capabilities tested are:
•

Catalyst Holder Pre-heating time.

•

System Cooling to cool the system in a half hour

•

Calibrate the Mass Spectrometer in to less than a 3% error with a standard
derivation of less than .5

•

Test the delivery system for the gases and get results from the mass spectrometer
in mock testing.

3.1 CATALYST HOLDER HEATING
The catalyst holder system is one of the key features of the decomposition system that must
be successfully tested for the system to properly work. Both the ability to pre-heat the catalyst
holder and cool it for a subsequent test in under 30 minutes for the system that is required for
multiple testing during the same day.
The heating cartridges are rated to 100W discharge, 1” long, ¼” Inch. The system uses six
of them that are inserted into the catalyst holder. These in turn are heated from the control panel
in LabVIEW. The heaters were tested by turning on the cartridges in LabVIEW. After the two
thermocouples reach 400oC, the cartridges are then turn off.
The following is the result of testing the catalyst holder under the design specifications.
The results are illustrated below:
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Figure 3.1 Catalyst Holder Profile for Heating.
Under the tested conditions the Catalyst holder was able to heat up to the pre-heating
conditions in less than 1600s or under 27 minutes. Due to the fact that as temperature raises the
cartridge heaters start to reduce their wattage output. This is not something the test users had
expected; however, it was tested repeatedly and the results follow this exponential design. Trying
different heating temperatures received related results.

3.2 CATALYST HOLDER COOLING
Testing of the cooling system was also assigned with this set-up. The set-up was similar to
the heating test. The temperatures of the system were heated to 400oC Celsius and then cool down
to 50 Celsius. In this case, the system was not increased to the decomposition temperature as the
cartridge heaters are not designed to provide the system the required time on to achieved the
temperatures. Instead a best fit line mode will be used from the data.
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Figure 3.2 Catalyst Holder Profile for Heating.
Using the best curved data fit for the temperature averages, it would require an additional
1500 seconds. Then in which case the amount of time that would take the machine to reduce the
temperature from 17000C to 500C is less than 28 minutes. This fits the criteria requirement to cool
down the system in less than half an hour.
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3.3 MASS SPECTROMETER CALIBRATION AND ACCURACY TESTING
The mass spectrometer is the other key factor for ensuring the future integrity of the test.
The test establishes that the decomposition gases will be stored in the system after
decomposition. The main challenge is ensuring that both
•

The Mass Spectrometer can be properly calibrated

•

The Mass Spectrometer delivery system will function and deliver the gases
created from the decomposition system.

The initial test must be done to calibrate the gases. The current gas configuration asks for
the calibration of N2, CO, CO2 and Oxygen as the major components for the system. These come
from the CEA for HAN as well as other major components expected for AF-M315E that could
be expected in its decomposition process. Any water has been assumed to have been
decomposed is filter using a filter in a valve before releasing into the system.
To test the calibration setting for the Mass Spectrometer, gas mixture cylinder was order
to calibrate the machine. The Calibration process begins by emptying the chamber with a helium
gas. Helium was selected because it is not going to appear in the decomposition products,
whereas nitrogen, the other recommend gas for use, it is being expected in the decomposition
process. Calibration is done by knowing the specific amount of gases that goes into the system.
The calibration gases are given into specific percentages. The percentages of each gas and their
amount are illustrated below:
Table 3.1 Calibration Gas Mixtures
Calibration Mixture
N2 and CO
N2 and CO2
Ar and O2

Gas 1
N2
N2
Ar

Quantity
99.001
80.00%
99.96%

Gas 2
CO
CO2
O2

Quantity
9900ppm
20.00%
402ppm

The system was then calibrated to the required standard for the machine to have a low
standard deviation, as well as a minimal margin of error. The standard deviation amounts are
illustrated below as well the calibration runs.
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N2 and CO Calibration Gas Results
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Figure 3.3 N2 and CO Gas Calibration Concentration

N2 and CO2 Calibration Gas Results
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Figure 3.4 N2 and CO2 Gas Calibration Concentration
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Ar and O2 Calibration Gas Results
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Figure 3.5 Ar and O2 Gas Calibration Concentration
Table 3.2 Standard Derivation and Error for Each Gas
Calibration Sample N2/CO
Standard Derivation N2 0.013756204
Average N2
99.00961649
Average CO
0.990383509
Error
8.70344E-05

Calibration Sample N2 / CO2
Standard Derivation N2 0.035330557
Average N2
80.944868
Average CO2
19.055132
Error
0.01181085

Calibration Sample Ar/CO
Standard Derivation N2 0.000441235
Mean Ar
99.95795403
Mean O2
0.042045971
Error
2.04679E-05

With these results, the instrument has been properly calibrated and can be calibrated in
the future. After this was completed another key component is to test the system for unknown
amounts of gases delivered. This was done by mixing fixed amount of gases into the system.
With a flowmeter it guaranteed the appropriate flow rates for both masses Using a two-gas
system delivery system a test was done to get the two mass concentrations. The system is
calibrated by vacuuming the system with helium at first. Then the system is introduced with two
gasses at the same mass flow rates. Using flow meters, one can ensure that the flow is the same
for both systems. The instrument was run with two calibration mixtures and calculating the
different ratios appropriate to the mixture. The instrument records the different gas calculations.
Table 3.3 Gas Ratio Test Composition
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Concentration
Nitrogen
CO2
Ar
O2

40.00
10.00
49.48
0.52

Multiple Calibration Gas Results
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Figure 3.6 Gas Ratio Test
Table 3.3 Standard Derivation for Gas Ratio Tests
Gas

Standard Derivation
N2
CO2
Ar
O2

0.78
0.05
0.80
0.0045

Average Error
0.029260644
0.353190203
0.052116962
0.417829971

This illustrates that the instrument has can properly read different system configurations
properly after calibration. The error on the smaller percentages is expected, as the Mass
Spectrometer has limitation on small percentages. Anything below 300ppm it is not
recommended for use. Lastly the system itself must be tested to properly get the decomposition
gases into the mass spectrometer. To do this a helium tank is used to push the gases into the
system. The system is designed to deliver gases. Because decomposition gases are limited, it
cannot be run indefinitely. The system testing will contain the calibrated gases, and the amount
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that is expected from the decomposition gases in it, using the pressure that is estimated for the
decomposition gases to be inside. This test then is compared to the expected results. Because of
this, the mass spectrometer section of the system has been tested.

N2 and CO2 Calibration Gas Results
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Figure 3.7 N2 and CO2 Gas Calibration Concentration Delivery Gas Test
Table 3.5 Standard Derivation for Delivery Gas tests
Standard Deviaton N2
Expeted N2
Mean N2
Mean CO
Error

0.035331
80%
80.94487
19.05513
0.011811

Overall all the equipment is ready for use in the system. This includes the catalyst holder
and the cooling system, as well as the mass spectrometer. In order to test the system capabilities,
a test run has been made using the AF-M315E decomposition part of the system. At the current
time, some of the issues that are being discussed when using the decomposition gases into the
mass spectrometer have yet to be solved. While the mass spectrometer has been verifying to
work to the desired guidelines, the system can be affected by the use of water vapor, which is
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one of the expected decomposition products. Possible solutions to this can be installing a
condensation method for the instrument or a complex filtration system.
Nonetheless, the decomposition aspect of the system is ready to use and can start
producing decomposition gases sample into the sample cylinders. An initial run of the system is
presented below.
3.4 FIRST DECOMPOSITION TEST RUN
During the first test run of the system it was determined that the catalyst that was
purchased from Ultramet was having difficulties triggering the decomposition process of the
system. Collaboration with an additional team demonstrated that the system had difficulty
decomposing with the Ultramet catalyst and that a different catalyst will be used for the first run
of the system. This catalyst was designed by another faction of the green propellant team.
Having the same loading factor for the system and the same material (Iridium), pellets were used
instead. With this said however, it was made clear by the group that the catalyst could be a
onetime only use.
The first test follows the standard general procedure guidelines found in section 4.4. Data
acquisition was started before the test began to ensure that the system can be read properly. After
the system was initiated the fuel could flow into the catalyst holder. Unlike future tests the
system valve that allows flow from the catalyst holder into the decomposition gases was opened
at a much later time. This was due to it being the first decomposition test, the users prefer to take
longer with this test that normal. The temperature profile is illustrated below
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:
Figure 3.8 First Test Decomposition Profile.
These results are very significant to both the system design aspect of this thesis and the
conceptual decomposition of AF-M315E. Initially we can see that the test maximum temperature
that the catalyst holder endure was close to the expected temperature that had been examined.
Another key component that was discovered is that the temperature lowers at a much faster rate
than expected. While the system was expected to last for more than 200 seconds, it is illustrated
that the temperature becomes 4000C after just 60 seconds.
The temperature was dropped within 3 seconds of the flow opening. Now this could be
due to several reasons. One could be the temperature of AF-M315E before the catalyst was lower
than the pre-heated catalyst holder, and it immediately cool it down to under 1800C. Another
possible option is that the decomposition process starts with an endothermic reaction that
precedes the exothermic reaction. Another possible reasons are that sometimes, when
thermocouples are place too close to a heat source the temperature drops before it starts.
However, this is less likely due to the fact that both thermocouples reported the values.
The two different spikes on temperature, on at 850 and the other at over 1100 is also
important to note. Unlike the expected singular spike this resolve in two different temperature
spikes, meaning two exothermic reactions occurred. One likely scenario is that the system
decomposed originally, provide a heat source and combustion followed afterwards. This can
explain the two temperature spikes and the drop below the temperature profile. Another theory
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that could explain the system can be found by looking at analysis done by the University of
Poitiers (Courtheoux, 2006). In their research, they analyze a HAN-based propellant similar to
AF-M315E. In their findings, they discovered that their propellant HNF, had two distinct peaks
similar to the phenomena illustrated here. Depending on the rest of the configuration of AFM315E and HNF if their decomposition is similar then two spikes can be expected. However, the
research by the University of Poitiers demanded more quantitative data form experimentation,
and as so it might not apply to this decomposition.
In addition to the implications on AF-M315E decomposition, the test itself demonstrates
the successful implementation of the catalyst holder, the electronic controls and data acquisition
sub-systems. Future tests should focus on looking at these results and determine whereas the test
can be repeated and if so what phenomena causes the endothermic peak and the two different
exothermic peaks. The next section will discuss the system procedure and safety guidelines
associated with the decomposition system, as well as the delivery system for the mass
spectrometer.
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Chapter 4: Experimental Setup and Procedures
The following chapter sets up the process procedures for operating the system.
4.1 AF-M315E DECOMPOSITION SET-UP
The AF-M315E decomposition offers the ability of the user to perform testing without
endangering the individual. The system diagram is illustrated below:

Regulator

Solenoid Valve
Check Valve
T

Thermocouple

Catalyst Holder

Ball Valve
Pressure Relief Valve
Sample Cylinder
Pressure Gage

Helium Tank

Figure 4.1 Total AF-M315E Decomposition Schematic.
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4.2 DATA ACQUISITION AND CONTROL SYSTEM
Table 4.1 Data Acquisition and Control Table
COMPONENT
TYPE
REG
REG
SOV

NUMBER FUNCTIONAL DESCRIPTION
101 HE Pressure Regulator
Syringe Pump Isolation Solenoid
401 Valve
102 Condensation Solenoid Valve

MODEL NO.
R21-02-000

Swagelok
McMaster

SS-2F-15
8214K521

3600
360

80
180

McMaster
McMaster
McMaster
McMaster

8214K522
8214K523
8214K523
8214K524

360
360
360
360

180
180
180
180

SOV
SOV
SOV
SOV

103
104
105
402

TC
TC

Omega
Omega

CAXL-18U-12-NHX
CAXL-18U-12-NHX

100
100

1200
1200

Omega

CAXL-18U-12-NHX

100

1200

TC
TC

101 Upstream Thermocouple
103 Front Catalyst Thermocouple
Middle Radial Top Catalyst
104 Thermocouple
Middle Radial Bottom Catalyst
105 Thermocouple
106 Back Catalyst Thermocouple

Omega
Omega

CAXL-18U-12-NHX
CAXL-18U-12-NHX

100
100

1200
1200

TC
TC

107 Upstream Thermocouple
109 Vacuum Pump

Omega
Omega

CAXL-18U-12-NHX
CAXL-18U-12-NHX

100
100

1200
1200

TC

Exhaust Solenoid Valve
Vacuum Solenoid Valve
Helium Purge Solenoid Valve
Syringe Pump

SOURCE
Wikerson

RATED
Temp
(psgi) (F)
300
150

The system is controlled by the components shown above. The Solenoids valves are
designed to be controlled from a safe distance without endangering the user. Refer to Chapter 2
for more electronic information.
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4.3 SAFETY
In order to provide a safe environment, the procedure to work with this system must
include safety considerations, safety precautions and emergency procedures.
4.3.1 Safety Considerations
The safety considerations are illustrated below:
Conc
ern
No.

Concern

Initia
l
RAC

Expect
ed
Residu
al
RAC

Residua
l
Risk

Control

1

Loss of power
causes unsafe
conditions

3C

3E

Low

If loss of power shall
occur, the solenoid
valves will be opened and
will direct gases to
exhaust assembly.

2

Unplanned ignition
or detonation of
propellant

2C

2E

Low

Since the feed line to
the catalyst bed is 1/8”
OD (less than the
critical diameter of 1.5
inches), a detonation of
the propellant upstream
of the catalyst bed will
not propagate into the
propellant feed system.
Temperature of the
magazine will also be
monitored and controlled
using standard room
temperature thermometer.
SOV-101 has also been
added to isolate any
remaining propellant from
the system.

3

Injury to test
personnel or the
environment due to
exposure to
propellant

3C

3E

Low

All test personnel
handling propellant will
have current UTEP
laboratory safety
training, and propellant
handling and PPE
requirements during
propellant handling will
be per MSDS of AF-M315E.
A system of compatible
trays, bottles, and other
components will be placed
underneath fittings in
order to contain any
leakage. Propellant
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Conc
ern
No.

Expect
ed
Residu
al
RAC

Initia
l
RAC

Concern

Residua
l
Risk

Control

quantity will be
monitored and tracked
upon reception to
depletion.
4

High
operating
temperatures results
in damage to test
equipment
and/or
injury to personnel

2C

2E

Low

All tubing and components
connected to catalyst
holder are manufactured
from high temperature SS
316 and Inconel 718.
The system is operated
and controlled remotely.
Test personnel are behind
barriers. The propellant
quantity is small.

5

High
operating
pressure results in
damage
to
test
equipment
and/or
injury to personnel

2C

2E

Low

All tubing and components
connected to catalyst
holder are manufactured
for high-pressure
applications. A pressure
relief valve will prevent
line pressures from
exceeding 150 psi. The
system is controlled
remotely.

6

Asphyxiation due to
venting of
decomposed AF-M315E
in an enclosed room
results in death or
injury to personnel

1C

1E

Low

System is enclosed in
acrylic box and is
connect to an exhaust
system taking gases
outside. The area will
have danger signs, as
well as lights and tape
restricting the area
personnel not involved in
the experiment.

Figure 4.2 Safety Precautions
4.3.2 Safety Precautions
The safety considerations are illustrated below:
Safety Margins – All systems and components are to be able to be controlled remotely when test
is running. Testing preparations will be performed while using the personal protective equipment.
Use approved personal protective equipment (PPE):
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A.

Eyes: Safety glasses shall be worn when venting or purging systems as well as a face
shield.

B.

Ears: Earplugs or earmuffs shall be used where excessive noise levels occur near filling
and venting operations.

C.

Hands: When handling test fixtures, protective chemical resistant gloves shall be worn.

D.

All personnel shall wear approved personal protective equipment for the operation being
performed as defined below:

General Operations:
Eyes Safety glasses shall be worn at all times when inside Lab 105.
Feet Closed steel toe shoes shall be worn at all times when inside Lab E105

Figure 4.3 General Operations Protective Gear

Pressurized Systems (> 150 psig):
Eyes

Safety glasses with side shields shall be worn. Visiting personnel shall wear safety
glasses with side shields.

Hands Gloves shall be worn to prevent injury to hands and prevent contamination of systems.
Clean leather gloves shall be worn if more protection is needed.
Feet

Closed steel toe shoes that cover the top of the foot or boots with trouser legs extended
over the top of the boot shall be worn.

Body

Long-sleeved clothing, cuff-less long trousers worn outside boots or over shoes shall
be worn.

Ears

Earplugs or earmuffs shall be used when venting gases.
Figure 4.4 Pressurized System Protective Gear

Propellant Handling:
Eyes

Face mask and goggles will be worn whenever loading the propellant and flushing the
system post-tests

Hands Chemical Resistant gloves shall be worn to prevent exposure to propellant.
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Feet

Closed steel toe shoes that cover the top of the foot or boots with trouser legs extended
over the top of the boot shall be worn.

Body

Fire retardant lab (blue) coat shall be worn to prevent exposure of clothing to
propellant.

Ears

No necessary ear protection.
Figure 4.5 Propellant Handling Protective Gear

During running of the Syringe Pump, personnel will not be actively in the test area. Instead, they
will be in a safe area, behind Kevlar walls placed between the computer and the test area.
If any personnel injury occurs, the following is offered as a guide:
• Isolate or remove the hazard from the area.
• Move injured personnel only if necessary to prevent further injury.
• Call for medical help.
4.4 GENERAL PROCEDURE GUIDELINES
In this section, the test procedure for the system has been summarized. Following this steps
will allow for the use of the AF-M315E Decomposition set-up.
(1) Safety Check: Testing Personnel should ensure that only personnel working on the
decomposition test are inside the lab. Assure that all individuals are wearing the appropriate PPT.
In Appendix C If personnel that are not intended for the test are inside, remove them. Secure all
door access and place “Test in Progress” signs outside of the laboratory.
(2) Exhaust system set-up: When setting up the system for test, attach the exhaust system
into the back end of the gas enclosure. In case of leaks, power failure or pressure relief valve opens,
all the possible gases will be exhausted by it. Close the enclosure.
(3) Loading Propellant: After gathering the necessary syringes, beaker and thermal
resistance gloves one can load the propellant. Begin by obtaining the AF-M315E container from
the explosive magazine. Permission to open explosive magazine must be achieving beforehand.
On a stable, leveled and cleared table top, slowly deliver 5 ml of AF-M315E in a beaker. Then, fill
the syringe by inserting the tip vertically inside the beaker with Af-m315E. Fill until the 5 ml mark.
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Place and secure the syringe in the syringe pump. Attach and secure the Swagelok syringe fitting
to the syringe configuration. Close the AF-M315E container and return to the explosive magazine.
Dilute the residual AF-M315E of the beaker with water. Dispose the diluted AF-M315E in the
EH&S chemical waste container. Set Syringe pump flow meter according to the test matrix in 2.6.
(4) Correct Valve configuration: The following valves and system should be open and close
as follows:
Table 4.2 Valve Positions

(5) Creating a vacuum: In order to help the flow travel downstream, the vacuum must be
achieved in the system before testing may begin. The vacuum pump by high velocity blowing in
one exit and the velocity will create a lower pressure, as it explained in Section 2.1.2 and Section
2.2.1. Run the air connection of the system into the regulator, and set REG-101 to 80+2 psig. Run
this until PG-101 reads -0.8+5 MPa. The system is now in vacuum. To keep this vacuum, close
HOV-102. You may now turn off air connection.
(6) Pre-Heating of the catalyst: Remove all personnel from the system and stand behind
the Kevlar walls. On LABVIEW open the VI. On it the heaters buttons are set-up. To turn on the
heaters simply press the virtual button. Once on the heaters will begin heating the system. They
will continue to do so until the temperature reading of 4000C on TC-104 has been reached. As
previously discussed in the previous section, the relay will automatically turn off if the temperature
exceeds 410, and turn back on when the temperature goes below 390. The overall process of
pre0heating the catalyst is an approximate 25 minutes.
(7) Running Propellant into system: Now the system can begin pumping flow. Open valve
SOV-105. Select start in the LABVIEW VI. It will begin pumping the propellant. In the
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LABVIEW the set-time has been preselected before. Test Matrix the case is 5 seconds. Text Matrix
can be found on Appendix C. After 5 seconds, at the same time, the LABVIEW turns off the
Syringe Pump, turns off heater, closes SOV-101 and SOV-102. These secure the sample cylinder
with the required sample gases.
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Figure 4.6 Sample Cylinder Configuration

(8) Cool Down: Now that the sample cylinder contains the sample, begin flowing air thru
the system via the mechanical cooling system. This system is plugged into the wall and it is not in
the LABVIEW. Do this until the temperature of TC-105 reads 250C. Personnel can now re-enter
beyond the Kevlar walls. Close HOV-101
(9) Purging: To begin purging in the, LABVIEW VI and control panel, set the valves to
the following configuration:
Table 4.3 New Valve Positions

Set the pressure regulator for the Helium Tank to be 80 psig. To begin purging in the control
panel, open the Helium Purge Solenoid Valve. This will purge the system from any reminding
gases, then close SOV-402 after 10 seconds. Repeat this 5 more times.
(10)

Removing Sample Cylinder: to remove the sample cylinder there are fittings that

need to be removed. These come before HOV-101 and after HOV-102. This can be done using a
9/16” wrench carefully. After the sample cylinder configuration is removed store into a sample
cylinder box.
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(11) Clean up: After repeating the experiment as deem necessary, begin cleaning the
system. Using chemical resistant gloves remove the AF-M315E syringe from the syringe pump.
In a secure tabletop, dilute the residual AF-M315E from the syringe by depositing the remaining
propellant in a beaker with water. Dispose the diluted AF-M315E in the EH&S chemical waste
container. Remove syringe from syringe pump setup and also put into the waste containment. All
lines before the system must be removed carefully by using a 9/16” wrench. All of this material
must then be put into the sonic bath and passivation.
(11) Post Decomposition Analysis: With the decomposition gases ready, one must install
them into the mass spectrometer. The mass spectrometer set-up is illustrated below:

Figure 4.7 Decomposition Gas Configuration.
All the system is analog for this configuration, except for the mass spectrometer controls.
Ensuring that the Mass Spectrometer has been previously calibrated and leaked checked, one may
have installed the decomposition gases (Sample Cylinder in Schematic) into the system. These
gases then flow from the sample cylinder to the mass spectrometer. There is a limited amount of
gases, so setting up the mass spectrometer is critical beforehand.
The gases then flow into the different hand operated valves. These valves are hand operated
valves that can be open by the user at any time. The flow from the gasses can be seen by the flow
meters that are being used before the chamber. The flow meters serve can see the flow before it
enters the Mass Spectrometer. The needle valve is used to properly control the flow before and
during the system run. Lastly the dial-up pressure regulator control pressure before allowing the
gas into the system and the pressure gauge is to read the pressure in case of pressure failure on the
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system. The system exhaust into a duct system in the facility that is safely removed from the
laboratory.
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Chapter 5: Summary and Future Work
Design, production and testing of the test components and instrument analysis tools were
performed. AF-M315E decomposition gases and other monopropellant work can be performed
using the systems and proceed to be used for future testing.
The following goals were achieved by this work:
•

Overall design configuration for the decomposition of the gases. The system is able
to produce test results within an hour.

•

Design for a new catalyst holder was generated. The catalyst holder can be
preheated to 400C in under 30 minutes. The system can also sustain the required
temperatures that the system sees.

•

The design for the cooling system for the catalyst holder. The cooling system can
cool down the system from 11000C to 500C under half an hour.

•

A LabVIEW interface was created to control the different electrical components of
the decomposition system. The LabVIEW can record information every 0.33
seconds.

•

Design of an exhaust system, purging system and vacuum system were all created
for the system as well.
o The Vacuum system can reach a vacuum of -7 psig
o The purging system can filter the main decomposition gases under 5
seconds.
o The exhaust system is connected to the main ventilation vent for the
laboratory

•

Safety guidelines were created for the testing personnel.

•

Testing of the catalyst holder to prove that it can withstand the necessary and
pressure and temperature ranges
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•

Creation of a delivery system for the mass spectrometer from the decomposition
gases into the instrument.

•

Calibration and instruction manual for the mass spectrometer.
o The Mass Spectrometer provides an error percentage of less than 1% in
quantity bigger than 400ppm. While smaller concentrations of the system
can be read, they margin of error is too great. However most of the
decomposition gases that are important to the decomposition are above 5%
concentration. With those gases, the mass spectrometer can determine the
gas concentration.

•

Tested an initial run for the system for 80 seconds. This run illustrated that the
catalyst holder can withstand the temperatures of 1100C, the pressure associated
with the system, the cooling system, and the recording capabilities of the
thermocouples and pressure transducers.

5.1 FUTURE WORK
To continue the Green monopropellant effort at the University of Texas at El Paso the
can now decompose different configurations for AF-M315E. The following are detail list of
future test that are recommended with the configuration that can be done by the Green
Monopropellant effort.
•

The first test following the creation of the system is to attempt to reproduce the
effects of the first test run. Using the same flow conditions, catalyst and
guidelines the test must be repeated. This is to verify that the results given by the
first system run are consistent with that configuration, or if the system itself is
modifying the results of the system.

•

The second test recommendation after verifying the system repeatability and the
results are independent of the system itself is to test different catalysts. This is due
to the nature of the catalyst. While the catalyst holder from Ultra met fail to
58

deliver the expected results, a second catalyst created by the UTEP team
performed as necessary. Testing different configurations for the catalyst can be
key to see the effects on the decomposition.
•

Once a catalyst type that produces the best results and can be used repeatedly,
studying the effect on changing the catalyst parameters is worth examining.

•

Another test that can be equally important is the effect on pre-heating has on the
decomposition process. Pre-heating is one of the key factors that deters the use of
AF-M315E. While literature provides the pre-heating temperatures for
AF_M315E, this can be changed, and the effect on decomposition can be
explored. A lower pre-heat temperature can give AF-M315E a more widespread
use, whereas a better performance at elevated temperatures beyond the 400C can
provide specific solutions when pre-heating is not a problem.

•

Testing higher flow rates can be useful for the system as well. However, one must
consider that the temperature and pressure considerations on the system were
designed to a maximum of 4 times the normal flow or test length. This means that
if flow rates are increased, the catalyst holder might need to be modified to
withstand the associated flow rates. Currently using the same flow configurations
for future tests should be a priority and changing the flow parameters must be
done after the current system configuration has been used in multiple other
configurations. As a result, it is advised that delivery flow parameters are one of
the last test performed on the system.
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Appendix A: Pre-heating Catalyst Holder Calculations
̇
𝑄̇𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
= 𝑚𝐶𝑝𝑔𝑎𝑠 (𝑇𝑓𝑖𝑛𝑎𝑙𝑔𝑎𝑠 − 𝑇𝑖𝑛𝑡𝑖𝑎𝑙 )
= 𝑚𝐶𝑝𝑔𝑎𝑠 (𝑇𝑓𝑖𝑛𝑎𝑙𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡ℎ𝑜𝑙𝑑𝑒𝑟 − 𝑇𝑖𝑛𝑡𝑖𝑎𝑙 )11

𝑊
∗ .0363𝑚2
𝑚∗𝐾

∗ (380𝐾) = 12.3994𝑊
4
4
𝑄̇𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛̇ = 𝜀𝜎𝐴𝑠 (𝑇𝑟𝑒𝑓
− 𝑇𝑎𝑚𝑏
) = 0.19 ∗ 5.67 ∗ 10−8 ∗ .03263 ∗ (4004 − 204 ) = 8.999𝑊

𝑘𝐴(𝑇𝑟𝑒𝑓 − 𝑇𝑎𝑚𝑏 )
̇
𝑄̇𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
=
= 16.69𝑊
𝐿
̇
𝑄̇𝑡𝑜𝑡𝑎𝑙 = 𝑄̇ 𝑟𝑜𝑝𝑒 − 𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑄̇𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑄̇𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = 561.61W
𝑡=

380𝑚𝐶𝑝
𝑄𝑡𝑜𝑡𝑎𝑙
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= 1210 seconds

Appendix B: Required Cooling Calculations
To cool down the catalyst holder one must designate the maximum time required to cool down
the system. 15 minutes is the required maximum time to cool the catalyst holder to an
appropriate temperature. Using the temperature found in Appendix A.2 the required temperature
Is 10000C to a safe temperature. 400C is a safe temperature. The point of high interest is the
catalyst holder center as that is predicted to have the highest temperature. By calculating the
mass of the catalyst holder center, one can solve for the required heat transfer
𝑄 = 𝑚𝐶𝑝(𝑇ℎ𝑖𝑔ℎ − 𝑇𝑤𝑎𝑛𝑡𝑒𝑑 ) = .3324 ∗ 435 ∗ (1680) = 242946.141𝐽
Dividing this by the required time and we have the minimum heat transfer.
𝑄
242946.141𝐽
=
= ̇ 𝑄 𝑤𝑎𝑛𝑡𝑒𝑑 = 161.96 𝑊
𝑇𝑤𝑎𝑛𝑡𝑒𝑑
1500𝑠
Calculating the surface area of the system the one can solve for a factor of h required
𝑄 = ℎ𝐴𝑠(𝑇ℎ𝑖𝑔ℎ − 𝑇𝑎𝑚𝑏 ) = 161.96 𝑊 = .00456 ∗ (1680𝐾)ℎ
18.69𝑊𝑎𝑡𝑡𝑠
ℎ=
𝐾𝑒𝑙𝑣𝑖𝑛 ∗ 𝑚2
Knowing the formula for Nusselt Number is. Using Air properties at STP, one can rearrange to
ℎ𝐿
18.69 ∗ .0762
𝑁𝑢 =
=
= 31.14
𝑘
. 02551
Nusselt Number is related between Reynolds Number and Pr. As a result, three has to be a
derivation using the possible Reynolds Number. The code was created in Excel VBA, which is:
Sub Blower Calculation()
A = Cells(18, 2).Value
n=0
X = 0.989
k = 0.33
Re = (A / X) ^ (1 / k)
If Re > 4 Then
X = 0.911
k = 0.385
Re = (A / X) ^ (1 / k)
End If
If Re > 40 Then
X = 0.683
k = 0.466
Re = (A / X) ^ (1 / k)
End If
If Re > 4000 Then
X = 0.193
k = 0.618
Re = (A / X) ^ (1 / k)
End If
If Re > 40000 Then
X = 0.027
k = 0.805
Re = (A / X) ^ (1 / k)
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End If
Cells(21, 2) = Re
End Sub
Running the Code results with a Reynolds of 3630.92, which can be converted to a velocity
profile.
𝑈𝐷
𝑈(2∗.01905)
1.81𝑚
356𝑓𝑡
𝑅𝑒 = 𝑣 = 1.9𝐸−5 = 𝑈 = 𝑠 = 𝑚𝑖𝑛 𝑜𝑟 𝑤𝑖𝑡ℎ 𝑎𝑖𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑆𝑇𝑃 279 𝐶𝐹𝑀
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Appendix C: Catalyst Holder Technical Drawings
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